Transfection of cis-element double-stranded oligonucleotides, referred to as decoy ODNs, has been reported to be a powerful tool that provides a new class of antigene strategies for gene therapy. However, one of the major limitations of the decoy approach is the rapid degradation of phosphodiester oligonucleotides by intracellular nucleases. To date, several DNA analogs have been employed to overcome this issue, but insufficient efficacy and/or specificity have limited their in vivo usefulness. In this paper we have investigated the use of conformationally restricted nucleotides in the design of decoy molecules for nuclear transcription factor κB (NF-κB). Starting from a synthetic double-stranded oligonucleotide, containing the κB consensus binding sequence, we designed a panel of decoy molecules modified to various extents and at various positions with locked nucleic acids (LNAs). Our results indicate that the addition of terminal LNA bases, outside the κB sequence, to generate LNA-DNA-LNA co-polymers was sufficient to confer appreciable protection towards nuclease digestion, without interfering with transcription factor binding. Conversely, insertion of LNA substitutions in the context of the κB-binding site resulted in further increased stability, but caused a loss of affinity of NF-κB for the target sequence. However, our results also indicate that this latter effect was apparently dependent not only on the extent but also on strand positioning of the internal LNA substitutions. This observation is of great importance since it provides evidence for the possibility of tuning DNA-LNA duplexes with internal LNAs into decoy agents with improved features in terms of biological stability and inhibitory effect.
INTRODUCTION
In recent years, oligonucleotides (ODNs) have received considerable attention since they provide a rational way to design sequence-specific ligands of nucleic acids or DNA-binding regulatory proteins as tools for selective regulation of gene expression. This is of particular interest in developing new pharmaceutical interventions to treat diseases characterized by aberrant activation and expression of genes whose products are involved in the initiation and progression of pathogenesis. In particular, as altered activation of transcription factors has become a better understood component of many pathways of disease pathogenesis, including cancer, viral infection and chronic inflammatory diseases, the development of molecular strategies targeting transcription-activating proteins has emerged as an attractive field of investigation (1) . In this context, transfection of cis-element double-stranded ODNs, referred to as decoy ODNs, has been reported to be a powerful tool that provides a new class of antigene strategies for gene therapy (2) (3) (4) . Once delivered to cells, synthetic double-stranded ODNs bearing the consensus binding sequence of a specific transcription factor are specifically recognized and bound by the target factor. Interaction with the decoy results in both an inability of the protein to subsequently bind to the promoter regions of target genes and in the removal of bound trans-factor from the endogenous cis-element (5) (6) (7) . The final result is a significant reduction in or even a blockade of transcriptional activation.
Although ODN-based strategies appear very simple from a theoretical point of view, their practical application to biological systems has clearly outlined several problems, including the rapid degradation of phosphodiester ODNs by serum and intracellular nucleases (both endonucleases and exonucleases) (5, 8, 9) . For this reason, in the past decade, significant effort has been expended by synthetic chemists to develop nucleaseresistant ODNs. The most commonly employed modification is the replacement of a non-bridging oxygen in phosphate linkages with a sulphur to form phosphorothioate-modified ODNs. These molecules are highly resistant to degradation by nucleases (10) , exhibit increased cellular uptake (11) and retain the ability to form sequence-specific duplexes, although with reduced stability relative to unmodified ODNs (12) . However, largely because of their polyanionic nature, phosphorothioates cause non-specific protein binding, with consequent sequenceindependent effects that limit many applications (13) (14) (15) .
More recently, DNA analogs with a pseudo-peptide backbone composed of N-(2-aminoethyl)glycine units (peptide nucleic acids or PNAs) have been explored as potential agents for decoy approaches (16) . PNAs are, in fact, ideal candidates as decoy molecules due to their ability to form very stable duplexes with complementary DNA and PNA sequences (17) and to their stability when exposed to DNases and proteinases (18) . Unfortunately, DNA-binding proteins, such as nuclear transcription factor κB (NF-κB), exhibit a markedly low binding efficiency to PNA oligomers. In vitro experiments, performed with PNA decoy molecules carrying NF-κB-specific cis-elements, have clearly demonstrated that NF-κB p52 is able to recognize only DNA/PNA hybrids generating, in addition, molecular complexes with very low stability (16) .
Interestingly, conformational restriction has been successfully applied in recent years to the design of high affinity ODNs. Among nucleoside analogs containing bi-and tri-cyclic carbohydrate moieties, of particular interest are the locked nucleic acids (LNAs), which contain an extra 2′-O,4′-C-methylene bridge added to the ribose ring (19) (20) (21) . In fact, ODNs containing this modification have shown hitherto unprecedented helical thermal stability when hybridized to complementary DNA or RNA, as shown by the significant increase in melting temperatures compared with unmodified duplexes (19, 20, (22) (23) (24) (25) . In general, the thermal stability of a LNA/DNA duplex is increased by between 4.0 and 9.3°C per modified base in the ODN. Furthermore, LNA ODNs can be synthesized using conventional phosphoroamidite chemistry, allowing automated synthesis of pure as well as mixed ODNs containing both LNA and DNA monomers (19) (20) (21) . These features, together with the demonstration that LNAs are stable towards 3′-exonucleolytic degradation (26) and LNA-DNA co-polymers are not readily degraded in blood serum and cell extracts (19, 26) , prompted us to evaluate LNAs in the design of decoy molecules. In fact, while LNA ODNs have proved very efficient as antisense molecules (26) , no information is available to date on the possible use of LNA decoys able to interact with DNA-binding proteins such as transcription factors. Starting from a synthetic double-stranded 20mer ODN containing two copies of the κB consensus binding sequence present in the PRDII domain of the interferon-β (IFN-β) promoter, we designed a panel of decoy molecules modified to various extents with LNAs. Furthermore, LNA substitutions were positioned outside or inside and outside the PRDII elements in order to confer potential resistance towards exonuclease and endonuclease digestion. Importantly, since benefits in terms of nuclease resistance may often be negated by a decrease in the binding affinity of the transcription factor, modified ODNs were further studied for their ability to interact and form specific complexes with NF-κB proteins by electrophoretic mobility shift assay. Results presented in the present paper suggest that LNAs could really represent a step ahead in pursuing structural modifications intended to enhance biological stability and inhibitory effects of decoy agents.
MATERIALS AND METHODS

Oligonucleotides and LNAs
Upper strand and reverse complement phosphodiester ODNs (20mers), corresponding to two copies of the NF-κB-binding sequence found in the PRDII domain of the IFN-β promoter, were purchased from Sigma Genosys (Cambridge, UK) (Fig. 1) . ODNs containing LNAs were purchased from Proligo LLC (Boulder, CO). In this case the PRDII sequence was capped at both ends with unrelated extra sequences 5 nt long to generate a 30mer ODN (Fig. 1) . The extra sequences were selected in order to avoid self-and inter-strand hybridization involving two complementary LNA bases, which would generate complexes with high stability. One or two nucleotides were replaced with LNAs at both the 5′-and 3′-terminal ends [NF-κB(a) and NF-κB(b)] (Fig. 1) . Alternatively, additional nucleotides of the internal PRDII sequences were substituted with LNAs as shown in Figure 1 [NF-κB(c)]. In this paper, all the ODNs containing LNAs are referred to as LNA ODNs. A 30mer phosphodiester ODN with the same sequence was purchased from Sigma Genosys (Cambridge, UK) and used as a control [NF-κB(d)] (Fig. 1 ).
Annealing and 32 P-labeling
Stock solutions of DNA and LNA ODNs were made in TE buffer (10 mM Tris-HCl, 1 mM EDTA, pH 8.0) and stored at -80°C. Complementary DNA and LNA oligomers were hybridized in TE buffer to generate DNA/DNA [NF-κB(d) and PRDII] and LNA/LNA [NF-κB(a), NF-κB(b) and NF-κB(c)] duplexes or mixed hybrids containing two LNAs at the terminal ends of both strands and internal LNAs only in one strand [NF-κB(c+b) and NF-κB(b+c)], as shown in Figure 1 . Annealing was performed in a thermal cycler according to the following temperature profile: 5 min at 100°C, followed by a slow decrease from 100 to 37°C over 60 min and from 37 to 4°C over 30 min. Both NF-κB and HMG I can separately bind to the PRDII sequence. In the context of the IFN-β promoter, HMG I functions as an architectural factor facilitating the assembly of transcriptionally active nucleoprotein complexes (40, 41) . Dots represent hydrogen bonds mediating base-specific contacts between p50 and p65 subunits and the κB site, according to evidence obtained in crystallographic studies (39) . LNA ODNs were synthesized on the basis of the κB sequence contained in the PRDII domain of the IFN-β promoter which has been extended at both terminal ends with unrelated extra sequences of 5 nt (in gray). LNA substitutions are indicated in bold upper case letters. Double-stranded DNA and LNA ODNs were 5′-end-labeled using T4 polynucleotide kinase (T4 PNK, EC 2.7.1.78). Briefly, 2 pmol ODN was incubated in a final volume of 20 µl with 8 U T4 PNK (Roche Diagnostics, Mannheim, Germany), 60 µCi [γ-32 P]ATP (Perkin Elmer Life Sciences, Boston, MA), 50 mM Tris-HCl, 10 mM MgCl 2 , 0.1 mM EDTA, 5 mM dithiothreitol (DTT), 0.1 mM spermine, pH 8.2, at 37°C for 15 min. Unincorporated nucleotides were removed by chromatography through a Sephadex G-25 spin column equilibrated in TEN buffer (10 mM Tris-HCl, pH 7.5, 1 mM EDTA, 100 mM NaCl). The efficiency of 32 P incorporation into LNA ODNs was 3-fold lower than that obtained, under the same experimental conditions, for the corresponding phosphodiester ODN NF-κB(d) [∼5300 c.p.m./pmol for the LNA ODNs versus 16 000 c.p.m./pmol for NF-κB(d)]. Analysis of the radiolabeled products by non-denaturing polyacrylamide gel electrophoresis, followed by radiography of the gel, clearly demonstrated that most of the radioactivity counted was associated with double-stranded species, indicating that the efficiency of T4 PNK to catalyze the transfer of the phosphate group of ATP to the 5′-hydroxylated terminus of an ODN could be impaired, but not completely abrogated, by the presence of terminally positioned LNAs (not shown).
Cell culture and nuclear extract preparation
NIH 3T3 cells were grown in Dulbecco's modified Eagle's medium supplemented with 10% fetal calf serum at 37°C in a humidified 5% CO 2 incubator. Cells were plated at a density of 5 × 10 5 cells/60 mm diameter culture dish the day before stimulation.
Nuclear extracts were prepared from NIH 3T3 cells stimulated with 10 ng/ml tumor necrosis factor-α (TNF-α) (Boehringer Mannheim Biochemia, Mannheim, Germany) for 30 min at 37°C in the presence of 5% CO 2 . After stimulation, cells were extensively washed with cold phosphate-buffered saline and scraped from the dishes with cold buffer A [10 mM HEPES-KOH, pH 7.9, 1.5 mM MgCl 2 , 10 mM KCl, 1 mM DTT, 0.2 mM EDTA, 10 µg/ml leupeptin, 10 µg/ml pepstatin, 4 mM 4-(2-aminoethyl)-benzenesulfonyl fluoride (AEBSF), 1 mM NaF, 1mM Na 3 VO 4 and 0.1% Nonidet-P40]. The cell suspension was then chilled on ice for 10 min before centrifugation at 10 000 g. The resultant nuclear pellet was resuspended in cold buffer B (20 mM HEPES-KOH, pH 7.9, 25% glycerol, 0.42 M NaCl, 1.5 mM MgCl 2 , 1 mM DTT, 0.2 mM EDTA, 10 µg/ml leupeptin, 10 µg/ml pepstatin, 4 mM AEBSF, 1 mM NaF and 1 mM Na 3 VO 4 ) and incubated on ice for 20 min before being centrifuged at 10 000 g. Nuclear extract supernatant was collected, diluted 1:5 in buffer C (20 mM HEPES-KOH, pH 7.9, 20% glycerol, 50 mM KCl, 1 mM DTT, 0.2 mM EDTA and 1 mM AEBSF) and stored at -80°C.
Electrophoretic mobility shift assay (EMSA) and supershift
Nuclear extracts (3 µg) were preincubated with 5 µg doublestranded non-specific DNA competitor poly(dI-dC) (Amersham Pharmacia Biotech, Piscataway, NJ) for 10 min on ice in the presence of 20 mM HEPES-KOH, pH 7.9, 0.1 M KCl, 5% glycerol, 0.2 mM EDTA, 0.2 mM EGTA and 1 mM DTT. Binding activity was assessed by incubating the reaction mixture with the indicated 32 P-end-labeled probe to a final concentration of 1.2 nM for 20 min on ice. Protein-DNA complexes were then separated on 5% native polyacrylamide gels (29:1 cross-linked) in Tris-glycine buffer (25 mM Tris base, 192 mM glycine). In competition experiments, increasing concentrations of competitor ODN, either a phosphodiester or a LNA-modified duplex as specified, were incubated with the nuclear extract for 15 min before adding the radiolabeled PRDII probe. Detection and quantification of NF-κB-DNA complex formation was performed in a GS-250 Molecular Imager (Bio-Rad Laboratories, Milan, Italy). Specificity of the NF-κB-DNA complex detected was assessed by supershift analysis, using polyclonal subunitspecific antisera against p50 and p65 (Rel A) (Santa Cruz Biotechnology, Santa Cruz, CA). In this assay, antisera (2 µg) were incubated with nuclear extract for 20 min at room temperature prior to addition of the radiolabeled probe.
Stability assays of double-stranded LNA ODNs
Double-stranded DNA and LNA ODNs (2.7 µM) were incubated either with 10 U/ml DNase I (EC 3.1.21.1) (Roche Diagnostics) in 50 mM Tris-HCl, pH 7.5, 1 mM MgCl 2 and 0.1 mg/ml bovine serum albumin at 20°C or with 10 U/ml BAL-31 nuclease (New England Biolabs, Hitchin, UK) in a reaction buffer consisting of 0.6 M NaCl, 20 mM Tris-HCl, pH 8.0, 12 mM CaCl 2 , 12 mM MgCl 2 and 1 mM EDTA at 30°C. Aliquots of the reaction mixture corresponding to 250 ng double-stranded ODN were removed at different incubation times, quenched in 4 mM EDTA or 20 mM EGTA in order to stop DNase I and BAL-31 activity, respectively, and submitted to non-denaturing electrophoretic separation in 2.5% (w/v) agarose gels and ethidium bromide staining. Degradation of the decoy molecules was determined by densitometric calculation using Molecular Analyst (Bio-Rad) imaging software. The volume density of the band corresponding to double-stranded molecules was calculated in each lane with correction for the background. Results are presented as percentage recovery with respect to the relative time zero value.
RESULTS
Design of decoy molecules containing LNA substitutions
Double-stranded decoy ODNs, corresponding to the κB site contained in the PRDII domain of the IFN-β promoter, were synthesized to selectively target NF-κB. This choice was essentially based on the widely recognized role of NF-κB in a number of human diseases (27, 28) and on the bulk of literature describing the successful blockade of this transcription factor by decoy strategies (2, 4, (29) (30) (31) (32) (33) . All the experiments were performed using a 30mer double-stranded ODN containing two PRDII elements in tandem (10 bp each), capped with unrelated extra sequences of 5 nt at both terminal ends (Fig. 1 , compare NF-κB probes with PRDII probe). These extra sequences were added to the putative PRDII regions to allow insertion of LNAs at the 3′ and 5′ termini of both strands in order to confer protection from nuclease digestion and to minimize interference with the binding of NF-κB [ Fig. 1 , NF-κB(a) and NF-κB(b)]. Additional LNA modifications were introduced in the PRDII elements to generate duplexes containing, besides terminal LNAs, also internal LNA substitutions involving complementary nucleotides in both strands [ Fig. 1 , NF-κB(c)] or nucleotides in only one strand [ Fig. 1, NF-κB(c+b) and NF-κB(b+c)]. In replacing internal nucleotides with LNAs we took into consideration the published solution structure of an ODN containing LNA bases bound to unmodified complementary DNA which provides evidence of a change in buckle so as to create a transition from B-type to A-type DNA in the neighborhood of LNA modification (34) (35) (36) . This is an important observation because the ability of LNA nucleotides to affect conformation of the duplex can also be expected to heavily alter the binding affinity of the transcription factor. To minimize this effect, we decided to introduce internal LNA substitutions in the PRDII AT-rich DNA sequence. In fact, X-ray crystallographic studies have shown that in NF-κB-DNA complexes, the protein mainly interacts with the GC-rich outer regions of the site, and all base contacts are made in the major groove (37) (38) (39) . This leaves open the minor groove of the κB site, where high mobility group proteins I (HMG I) are believed to interact mostly with the AT-rich sequence of PRDII, by functioning as architectural factors able to potentiate the transcriptional activation of NF-κB (40, 41) (Fig. 1) . Double-stranded LNA ODNs display higher resistance to exonuclease and endonuclease digestion with respect to DNA ODNs
As a first step, we tested susceptibility to nuclease degradation of double-stranded LNA decoys in comparison with the corresponding phosphodiester molecule NF-κB(d). Under our experimental conditions NF-κB(d) was completely degraded after 3 h incubation with DNase I, a double-strand-specific endonuclease (Fig. 2) . In contrast, the presence of one or two terminal LNAs [NF-κB(a) and NF-κB(b)] was sufficient to markedly increase ODN stability (Fig. 2) . In fact, at the same incubation time, <35% of LNA ODNs were degraded (Fig. 2) . No significant improvements in terms of resistance to endonuclease digestion were observed in the presence of internally positioned LNA modifications [NF-κB(c), Fig. 2] . Similar results were also obtained with the mixed hybrids NF-κB(c+b) and NF-κB(b+c), with the first being the most unstable of the LNA ODNs (Fig. 2) .
Stability towards exonucleolytic degradation was assessed using BAL-31 nuclease, which degrades both the 3′ and 5′ termini of duplex DNA without generating internal scissions. The results in Figure 3 clearly show that with the exception of NF-κB(a), which was degraded at the same rate as NF-κB(d), all the LNA ODNs displayed higher stability with respect to the corresponding phosphodiester molecule (Fig. 3) . The most significant stabilization was achieved with internal LNAs, but only when they were present on both strands [NF-κB(c)] (Fig. 3) . In contrast, the mixed hybrids NF-κB(c+b) and NF-κB(b+c) exhibited decay kinetics more similar to those observed for NF-κB(c) and NF-κB(b), respectively (Fig. 3) , suggesting that positioning of internal LNA bases in the sense or in the antisense strand has important effects in terms of resistance to BAL-31 nuclease action.
NF-κB specifically binds to double-stranded ODNs containing LNA modifications
The binding of NF-κB to 32 P-labeled DNA and LNA duplexes was analyzed by EMSA, using nuclear extracts from TNFstimulated cells as a source of NF-κB. A single protein-DNA complex migrating with the same electrophoretic mobility was observed with all probes (Fig. 4A, lanes 1, 4, 10, 13, 16 and   19 ), with the exception of NF-κB(c), for which we could not detect any shifted complex, even after longer exposure of the gel (Fig. 4A, lane 7) . Furthermore, addition of a 60 M excess of a DNA probe, encompassing the immunoglobulin light chain NF-κB (Ig-κB) element (5′-TCAACAGAGGGGACTTTC-CGAGAGGCC-3′), demonstrated that the complex detected with both DNA and LNA probes was specific for the NF-κB site, as determined by the complete disappearance of the radiographic signal (Fig. 4A, lanes 2, 5, 11, 14, 17 and 20) . In addition, mutagenesis of the Ig-κB consensus sequence (5′-TCAACAGA-GCTCACTTTATGAGAGGCC-3′) completely prevented competition for the binding of NF-κB to the probes, confirming the specificity of complex formation (Fig. 4A, lanes 3, 6, 12 , 15, 18 and 21). Further demonstration that the complexes detected in bandshift assays contained members of the Rel/NF-κB family of proteins was obtained by supershift experiments. As shown in Figure 4 , preincubation of the nuclear extracts with specific antibodies against p50 and p65 resulted in complete up-shift of the retarded band (Fig. 4B , compare lane 1 with 2 and 3), indicating that both subunits were part of the protein-PRDII complex. The same up-shifting was observed using 
Extent and positioning of LNA bases are important determinants for efficient binding of NF-κB to modified oligonucleotide duplexes
NF-κB binding affinity for decoy LNA ODNs was evaluated by gel shift competition experiments. Binding assays were performed by incubating crude nuclear extracts with increasing concentrations of unlabeled LNA ODNs together with a fixed amount of the [ 32 P]PRDII probe, so that the radiolabeled DNA duplex was in excess over the amount of NF-κB present in the incubation mixture. Results of a typical competition experiment are shown in Figure 5 , where a progressive reduction in the radiographic signal, corresponding to the NF-κB-PRDII complex, was observed upon addition of the indicated competitors. These data suggest that decoy LNA ODNs are recognized by NF-κB, confirming previous evidence of direct binding of NF-κB to radiolabeled LNA probes (Fig. 4) . However, these results clearly indicated that not all the competitors had the same efficiency to compete for binding of NF-κB to the radioactive probe. For this reason, the IC 50 value of each LNA ODN was calculated from quantitation of titration experiments by fitting the data to a dose-response curve (Fig. 5I-VI) . ODNs with LNA substitutions outside the binding consensus sequence for NF-κB [NF-κB(a) and NF-κB(b)] displayed not significantly different IC 50 values with respect to NF-κB(d) (Fig. 5, compare II and III with I) . Surprisingly, the duplex containing LNA modifications also in the internal PRDII elements [NF-κB(c)] acted as an inhibitor, despite being less efficient with respect to NF-κB(d), as determined by a 30-fold increase in the IC 50 value (Fig. 5IV versus I) . This low efficiency could explain the reason why we did not observe direct binding to the radiolabeled NF-κB(c) ODN in bandshift assays (Fig. 4A, lane 7) , where the concentration and specific activity of the probe were probably too low to allow observation and detection of NF-κB binding. Interesting results were obtained with mixed hybrids NF-κB(c+b) and NF-κB(b+c), which exhibited IC 50 values 1.5-and 6-fold higher, respectively, than that calculated for NF-κB(d) (Fig. 5 , compare V and VI with I). These data suggest that the presence of internal LNAs in only one strand results in a moderate interference with transcription factor binding, with the best NF-κB binding efficiency observed when LNA substitutions were positioned in the sense strand [NF-κB(c+b)] rather than in the antisense strand [NF-κB(b+c)].
DISCUSSION
A growing number of transcription factors have been identified that regulate changes in gene expression during pathogenesis of a wide range of disorders (1) . A recent method to antagonize the function of these proteins is the decoy approach, which involves the use of synthetic double-stranded ODNs able to compete for binding of the protein to the authentic cis-elements (5-7). Although the mechanism of action of transcription factor decoy is distinct from the antisense strategy, the same critical parameters exist in that a decoy agent must be nuclease resistant, be taken up by cells and have sequencespecific effects (42) . Advances in the synthesis of DNA now provide an exciting new chemical approach to overcome these issues. To date, several ODNs with a modified phosphodiester backbone, such as phosphorothioates and PNAs, have been widely studied as antisense and antigene reagents, however, neither of them has yet proved able to fulfill all the requirements. For this reason, novel ODN analogs and mimics are therefore high priority goals in medicinal chemistry.
In this paper we have investigated the possible use of conformationally restricted nucleotides (LNA) with a 2′-O,4′-C-methylene bridge in the design of decoy agents for transcription factor κB. Results presented here demonstrate that unlike DNA duplexes, double-stranded LNA-DNA-LNA co-polymers were not readily degraded by nucleases. Numerous studies have shown that end capping of an antisense oligomer with a short stretch of nuclease-resistant derivatives increases its lifetime (43) (44) (45) . However, while the degradation of singlestranded oligonucleotides and their analogs has been studied extensively because of their potential importance as antisense agents, little is known about degradation of double-stranded ODNs and their analogs. To our knowledge, only a few papers have investigated the susceptibility to nuclease degradation of modified double-stranded ODNs, although it has been demonstrated that single-stranded and double-stranded DNA molecules are differentially degraded in human serum and in cellular extracts (9) . Under our experimental conditions, addition of one LNA base both at the 5′ and 3′ termini of a doublestranded ODN containing the NF-κB consensus binding sequence was sufficient to confer the maximum magnitude of resistance to DNase I endonuclease degradation (Fig. 2) . In contrast, at least two terminal LNA bases per strand were required to confer protection from exonuclease digestion, as demonstrated by a more rapid degradation of NF-κB(a) versus NF-κB(b) when they were incubated with BAL-31 (Fig. 3) . Resistance to DNase I degradation of NF-κB(a) and NF-κB(b) is of particular interest since this nuclease is known to recognize certain helical parameters of its respective DNA substrate, such as groove width and flexibility (46, 47) . For this reason, perturbation of the molecular interactions between DNase I and the target DNA suggests that LNA-LNA base pairing at the terminal ends is probably sufficient to induce changes in the ODN phosphate backbone geometry. Interestingly, this LNA-induced structural modification does not apparently produce effects on the interactions between transcription factor κB and LNA-DNA-LNA co-polymers. In fact, these molecules exhibited high binding specificity and affinity, being able to form stable complexes with NF-κB in NIH 3T3 nuclear extracts (Fig. 4) , and competed for binding of NF-κB to the PRDII probe with the same efficiency as the corresponding DNA duplex NF-κB(d) (Fig. 5) . Thus, these molecules seem to offer an attractive set of properties not exhibited by either fully or partially modified phosphorothioate ODNs or by fully modified PNA oligomers, which have been demonstrated to be poorly specific (15) or insufficiently able to interact and form stable complexes with target transcription factors (16) , respectively.
During the preparation of this manuscript, Romanelli et al. published preliminary results indicating that a PNA-DNA-PNA chimera mimicking the κB site displays the ability to resist enzymatic degradation and to interact with NF-κB (48) . Our results demonstrate that the same effects can be obtained using LNAs instead of PNAs, with several advantages. In fact, while PNAs and LNAs share some similarities, there are also important differences that, in our opinion, make LNAs more suitable tools for the design of decoy molecules. First, LNAs have unprecedented binding affinities for complementary sequences, forming duplexes with greater stability compared with PNAs (49) . Second, PNAs are uncharged and also have low solubility, whereas LNAs have a normally charged phosphate backbone, so they are readily soluble in water (49) and can be delivered into cells using standard protocols employing cationic lipids (26) . In addition, by virtue of their structural resemblance to natural nucleic acid monomers, LNAs are expected not to affect interactions of the transcription factor with the DNA backbone, which have been demonstrated to be important for stabilization of the protein-DNA complex and which are lost with uncharged PNAs (16) . In this regard, it should be noted that the binding of NF-κB to DNA, beyond base-specific interactions, is strengthened by extensive contacts with the deoxyribose phosphate backbone (37) (38) (39) . Third, LNAs are assembled using standard synthesis techniques that allow LNA bases to be easily interspersed among DNA, thus permitting the properties of the LNA-containing oligomers to be fine tuned in order to optimize nuclease resistance without markedly compromising transcription factor binding (49) . Our results in this regard clearly indicate that a significant increase in resistance to nuclease digestion can be attained by positioning further LNA substitutions in the context of the PRDII element by modifying complementary nucleotides in both strands [NF-κB(c)] (Figs 2 and 3) . In fact, only slight improvements in terms of stability were obtained when internal LNAs were introduced in only one strand [NF-κB(c+b) and NF-κB(b+c)] (Figs 2 and 3) . However, while LNA substitutions involving both strands resulted in a weaker 2 nM) and the indicated unlabeled competitor. NF-κB-PRDII complex formation in the presence of increasing competitor concentrations was analyzed by EMSA and quantitated in a Molecular Imager. Data were expressed as percent binding relative to the level of NF-κB-radioligand complex formation in the absence of the competitor. IC 50 values for each type of competitor were estimated by plotting these data as a function of log 10 of the competitor concentration (nM) and fitting to a dose-response curve. Curve fitting was performed with Origin 4.1 software. Fifty percent inhibitory concentrations (nM) ± SE are indicated.
one internal LNA, hybridized to complementary DNA (34) . Results presented by Nielsen et al. clearly indicate that by virtue of its C3′-endo conformation the LNA introduces a higher population of the N-type conformations of the neighboring unmodified nucleotides on the same strand, resulting in a local change in the phosphate backbone geometry (34, 35) . Based on our evidence, it might be speculated that such architectural differences apparently disturb the interaction between NF-κB and its consensus sequence. However, it is worth noting that, besides extent, positioning of the LNA modification also contributes to this effect. This is evident from the observed higher affinity of NF-κB for PRDII elements containing LNAs in the sense strand [NF-κB (c+b)] rather than in the antisense strand [NF-κB(b+c)]. This result can be explained by the observation that structural modifications conferred by the introduction of a LNA base are apparently propagated to adjacent unmodified nucleotides in the C3′ direction, with the first nucleotide following the LNA containing an appreciable fraction of N-type conformation and some of the other nucleotides with a non-negligable fraction of this conformation (34) . As a consequence, it could be assumed that the LNA in the sense strand of NF-κB(c+b) might affect the conformation of the AT-rich sequence of PRDII in the minor groove (Fig. 1) . Crystallographic studies of NF-κB bound to DNA have shown that this region does not make base-specific contacts with NF-κB (37-39), thus explaining the modest decrease in the binding affinity of NF-κB to the NF-κB(c+b) probe (Fig. 5) . Conversely, the LNA in the antisense strand of NF-κB(b+c) might modify the conformation of the GC-rich region of PRDII, which makes extensive basespecific contacts with the transcription factor ( Fig. 1) (37-39) , inducing a more evident loss of affinity of NF-κB for its binding element (Fig. 5) .
In conclusion, the results reported herein suggest that LNA modification represents a valuable tool in designing decoys with improved features in terms of potential stability and activity. This has been clearly demonstrated for LNA-DNA-LNA co-polymers, encouraging further experiments focused on the possible use of these molecules as decoy agents in in vivo systems. In addition, the finding that internal LNA modification of both strands leads to a further improvement in ODN biostability [NF-κB(c)] appears to be of great interest. In fact, although less efficient in binding NF-κB, this decoy molecule has been shown to compete with a DNA probe in the nanomolar range of concentrations. This evidence does not necessarily exclude its possible in vivo decoy activity. Furthermore, data obtained with the mixed hybrids NF-κB(c+b) and NF-κB(b+c) suggest a role of the intra-strand positioning on NF-κB binding, thus opening up the possibility of minimizing perturbation of the interaction between NF-κB and LNA-DNA duplexes with internal LNAs, such as NF-κB(c), by more convenient substitutions in the κB sequence.
